Redox and acid-base reactions play important roles in the fate of metal contaminants in soils and sediments. The presence of significant amounts of Cr, Pb and other toxic heavy metals in contaminated soils and sediments is of great environmental concern. Oxidation states and dissolution characteristics of the heavy metals can exert negative effects on the natural environment. Atomic force microscopy (AFM) was used to follow the changes in morphology and structure of reaction products of Cr and Pb formed on mineral surfaces. Nitrate salts of Cr(III) and Pb(II) were used to replace the native exchangeable cations on muscovite and smectite surfaces and the metal-mineral systems were then reacted at different pH's and redox conditions. For Pb, aggregate morphological forms were found at pH 6.1 and 12.4. At pH 6.1, the mean roughness value was 0.70 nm, and at pH 12.4 it was 5.30 rim. The fractal dimensions were 2.03 at pH 6.1 and 2.05 at pH 12.4. For Cr(III), both layered and aggregate morphological forms were found at pH 6.8 and 10.8. The mean roughness values were 0.90 nm at pH 6.8 and 4.3 nm at pH 10.8. Fractal dimensions for both were 2.00. The effect of redox conditions on morphological characteristics was studied on a smectite substrate. The reduced clays were more compacted than oxidized ones and the reduced clay could reduce Cr(VI) to Cr(III), forming new minerals on the surfaces. A geochemical equilibrium model, MINTEQA2, was used to simulate the experimental conditions and predict possible reaction products. Simulation results agreed well with data from experiments, providing evidence that modeling can provide a useful "reality check" for such studies. Together, MINTEQA2 and AFM can provide important information for evaluating the morphologies and chemical reactivities of metal reaction products formed on phyllosilicate surfaces under varying environmental conditions.
INTRODUCTION
One of the most fundamentally challenging and elusive tasks in studying the chemistry of environmental surfaces has been the determination of atomic structures and micrometer morphologies of metals on these solid surfaces. Traditionally, X-ray diffraction (XRD) has been used to define atomic structure, and Auger electron and X-ray photoelectron spectroscopies (AES and XPS) have been used to study mineral surface composition (Hochella 1988; Hochella et al. 1989 ). Low-energy electron diffraction (LEED) and scanning electron microscopy (SEM) have been used to characterize surfaces (Van Hove et al. 1986 ), but these techniques lack sufficient spatial resolution to provide images that reveal important fine-scale surface features t Current Address: Engelhard Corporation, EO. Box 337, Gordon, Georgia 31031. $ Current Address: Equifax, Inc., Decision Systems, External Mail Drop 425, 1525 Windward Concourse, Alpharetta, Georgia 30202. such as atomic steps, kink sites, vacancies, dislocations and microcracks.
Scanning probe microscopy (SPM), including scanning tunneling microscopy (STM) and atomic force microscopy (AFM), have revolutionized the field of surface science. STM allows the direct imaging of electronic densities of states on the surface of conductors or semiconductors. AFM reveals the magnitude of attractive or repulsive forces on a variety of surface types including nonconductors, with subangstrom resolution, essentially allowing the imaging of surface atoms and molecules (Tersoff and Hamann 1983; Golovchenko 1986; Albrecht and Quate 1987; Hansma and Tersoff 1987; Hansma et al. 1988; Drake et al. 1989; Hartman et al. 1990 ). Because of the high resolution characteristics of SPM along all 3 crystallographic axes, the structures and reactivities of mineral surfaces can be better understood, thus overcoming some weaknesses of LEED and SEM. STM and AFM have been performed on solid surfaces in vacuum, in air and under water and other fluids (Hochella et al. 1989) .
Pb and Cr are among the 14 contaminants currently specified in the Environmental Protection Agency's (EPA's) Extraction Procedure (EP) Toxicity Test (US EPA 1988) . Both metals produce adverse physiological effects within humans and certain plants and animals in aquatic and terrestrial ecosystems (Nieboer and Jusys 1988; Cohen et al. 1993) . Extensive research has been performed on Pb and Cr speciation (Elderfield 1970; Cranston and Murray 1980; Dreiss 1986; Ewers and Schlipkrter 1991) and transport (Bartlett and James 1988; Ewers and Schlipkrter 1991) within the environment. However, little research has been performed on the reactivity of Pb and Cr on mineral, organic and microbial surfaces due to the limitation of earlier analytical techniques.
The invention of STM (Binnig et al. 1982 ) and AFM (Binnig et al. 1986 ) has brought new precision to studies of the behavior of Pb and Cr in the natural environment. Our research was designed to use AFM combined with the geochemical equilibrium model, MINTEQA2, to simulate and evaluate possible chemical reactions of Pb and Cr at phyllosilicate surfaces and to determine the morphological characteristics of the reaction products under different pH and redox regimes.
MATERIALS AND METHODS

Clay Mineral Preparation
The clay minerals used in the study were ferruginous smectite (SWa-1) and Indian muscovite. The SWa-1 was obtained from the Source Clay Repository of the Clay Minerals Society (Columbia, Missouri), and the Indian muscovite was purchased from Ward's Natural Science Establishment (Rochester, New York). Two pure-metal nitrate salts, Cr(NO3) 3 and Pb(NO3)2, were obtained from the Fisher Scientific Company. Of certified American Chemical Society grade, they were used without further purification. The Na25204 (purified grade) was obtained from the Fisher Scientific Company and the Na2Cr207 was obtained from the Aldrich Chemical Company. The samples were used without further purification. Nanopure deionized water (filtered through a Barnstead Nanopure II water purification system) with a quality of greater than 18 Mohm/cm was used. Stock solutions of 0.5 M Cr(NO3) 3 and 0.1 M Pb(NO3) 2 were prepared for replacing native exchangeable cations on the mineral surfaces.
Atomic Force Microscope
A Nanoscope III Scanning Probe Microscope (Digital Instruments, Santa Barbara, California), which contains an AFM, was used. The AFM includes: 1) the scope, which contains 3 major parts--an optical head, a piezo crystal scanner on which a sample puck is placed and the AFM supporting base; and 2) a control system, which includes an lntel 486 computer and software that has the capability to convert 3-dimen-sional data sets to images. The software also has the capability to switch to different scan heads and microscope modes. The silicon nitride (Si3N4) whisker tip attached to a micro-fabricated triangular cantilever scans over the surface morphology of the sample, deflecting in response to the molecular or atomic scale features. Cantilever deflections (proportional to the force) are monitored via changes in intensity differences between reflected laser light beams striking 2 segments of a split photodiode. The sample is scanned with a single-tube XYZ piezoelectric crystal translator. A feedback loop moves the sample along the z-axis of the translator so as to maintain the reflected laser light beam position constant while the sample is rasterscanned along the x-and y-axes. Control is maintained through the application of appropriate voltages to the piezoelectric crystal. At each (x,y) point the z-axis extension of the piezoelectric crystal is recorded digitally and represented graphically on a gray scale. A 3-dimensional image of the surface morphology can be created.
The crucial real-time scan parameters include scan rate, scan size, z-range, integral gains, proportional gains and set point. These parameters are optimized during the real-time scans in order to obtain high-resolution images at the micrometer scale or nanoscale. Software is available to analyze the image for surface roughness, bearing ratio and fractal dimension and to measure spatial and angular dimensions of atoms or molecules on the surface.
AFM Sample Preparation
MUSCOVITE. The muscovite was prepared by carefully cutting several less than 10 • 10 mm pieces from a larger sheet using a pair of scissors or a scalpel. Great care was taken to avoid disturbing or scratching the center region of the flake where the AFM tip eventually "touches down". Tweezers were used to mount the flakes on the AFM sample puck, which was precoated with a very thin layer of glue. Light pressure on the edges of the flake during mounting assured firm contact.
Reaction products of Pb and Cr on muscovite were formed in a 4-step process. First, the freshly cleaved, puck-mounted flakes were immersed in prepared 0.1-M Pb(NO3)2 or 0.5-M Cr(NO3)3 solutions for about 12 h. During this treatment, K + ions on the mica surface were replaced by Pb(II) or Cr(III) ions. Second, the reacted flakes were removed from the salt solutions and washed 3 times in deionized water to remove the excess salt. Third, the Pb-or Cr-saturated flakes were air-dried and water at 3 different hydrogen ion concentrations was added. For Pb-saturated muscovite, the pH's were 3.8, 6.1 and 12.4; for Cr-saturated muscovite, the pH's were 3.0, 6.8 and 10.8. Fourth, after a 1-h reaction period, the flakes were washed again and 
The reaction products on the muscovite flakes were then ready for AFM imaging.
SMECTITE. Smectite suspensions were prepared by adding the clay to high purity H20 (18 Mohrn/cm resistivity) and dispersing it in flasks by stirring for 24 h at room temperature. Large, visible sand-sized particles were removed by decantation. The suspensions were used without further fractionation or purification. Polycarbonate tubes containing 20 mL each of the smectite suspension were prepared. The tubes (2 replicates for each test) were transferred inside an inertatmosphere glove box (>2% H 2, 0 ppm 02 by a Coy oxygen-hydrogen detector, Coy Laboratory Products). NaS204 was added to each tube to form a 0.01-M aqueous concentration. After a 24-h reaction at room temperature, the samples were centrifuged and the supematant was discarded. The samples were washed 3 times with pre-deoxygenated, high purity H20 to remove the excess NaS204 .
All smectite samples were prepared inside the glove box. For comparison, tubes also were prepared with Na2SO 4 at the same Na concentration as in the dithionite solution.
Specimens of dithionite-free clay suspensions were prepared as follows. A freshly cleaved muscovite flake on an AFM puck was transferred to the glove box, and the clay suspension was pipetted onto it and dried. The clay suspension was diluted to the extent that the dried clay particles did not overlap each other when dried on the cleaved muscovite flake. The clay film was dried under a 90% N 2 and 6% H2 environment. The AFM was prepared for real time imaging. The flake bearing the dried clay film was removed from the glove box and transferred to the AFM sample holding base. The image of the sample was recorded under room conditions, but in as short period of time as possible to avoid oxidation of the structural Fe within the clay sample.
MINTEQA2 Chemical Equilibrium Model
The MINTEQA2 model (Allison et al. 1991 ) was used to simulate the speciation of Pb and Cr in varying pH ranges of reactions. The input variables for the simulation included: 1) pH 3 to 12 for single-ion re- 
action studies; 2) 0.00033 arm partial pressure for carbon dioxide; 3) 25 ~ for temperature; and 4) 0.1 M for Pb and 0.5 M for Cr metal concentrations. Precipitation of solids was allowed and activities were calculated by the Davies equation.
RESULTS AND DISCUSSIONS
MINTEQA2 Simulation
MINTEQA2 simulation results are shown in Tables  1 and 2 for Pb and Cr. At lower pH's, speciation of both Pb and Cr exists only in the solution form: precipitation does not occur. In our case, Pb(II) and Cr(III) may initially exist as exchangeable cations on the mica surface to neutralize (balance) the negative surface charge due to the isomorphous substitution of aluminum for silicon in the tetrahedral layers of mica. As solution pH increases, MINTEQA2 predicts that both metals should form some kind of a precipitate, possibly on the mica surface. This was indicated by the saturation index output parameters in Tables 1 and  2 . The most likely form is hydrocerussite (white lead, 2PbCO30.Pb(OH)2 ) for Pb, and eskolaite (Cr203) for Cr, because of their high saturation indexes. The higher the saturation index, the more likely the stable form is present under these experimental conditions. Figures 2a-2c display the general morphological images for Pb and Cr reaction products, respectively, at different pH's. Figure la shows the image of the uureacted K+-saturated mica basal surface. At pH 3.8 for Pb (Figure lb) and 3.0 for Cr (Figure 2a ), there was no precipitation observed on the mica surface. From Figures lc-ld , it is evident that the Pb reaction products were formed at a pH above the metal's hydrolysis constant, which is 6.3 for Pb 2+ (Baes and Mesmer 1976) . The aggregate size increases with increasing pH. The aggregate morphological characteristics increase in vertical height from tens of nm (Figure lc At lower pH's, the images of the surface resemble the unreacted mica surface (image not shown). The K + ion was not imaged, one possible reason being that the K + ion is " p u s h e d " around by the microscope tip due to strong interactive forces between the tip and the balancing K + ion on the basal surface.
AFM Images
Figures lb-ld and
How those reactions occur on the mica surface is not yet clearly understood. However, the following processes are proposed to account for the reactions. In the case of Cr-saturated mica, 3 mechanisms are proposed: cation exhange, hydrolysis and precipitation. The hydrolysis processes were confirmed by measuring the pH of the solution before and after the reaction. For example, after reaction with Pb-mica, the pH dropped about 2 units or more (from pH 6.1 to 4.3 and 12.4 to 8.9). Based on these measurements, it was evident that hydrolysis did take place on the mica surfaces. F r o m the tables and figures discussed previously, one can see that the 2 different approaches ( A F M and M I N T E Q A 2 ) coincide quite well. This was the first evidence that the predicted results could be " s e e n " by AFM.
Image Analysis
Tables 3 and 4 list the morphological characteristics of the Pb and Cr reaction products as determined by various techniques. As discussed earlier, surface texture can be quantified, measured by such parameters as surface roughness, fractal dimensions and bearing ratios (see Table 5 for definitions). Note that, for both reaction products, surface roughness increases as pH increases, indicating that hydrolysis and precipitation of both Pb and Cr are enhanced as pH increases. This Surface--The boundary that separates one object from another object, substance or space.
Nominal surface--The intended surface contour, exclusive of any intended surface roughness, the shape and extent of which is usually shown and dimensioned on a drawing or descriptive specification.
Surface texture--The repetitive or random deviation from the nominal surface that forms the 3-dimensional topography of the surface. Surface texture includes roughness and defects.
Roughness--The finer irregularities of the surface texture, including those irregularities that result from the inherent action of the precipitation process and other irregularities within the limits of the roughness sampling length.
Roughness average (R~)--The arithmetic average of the absolute values of the measured profile height deviation taken within the sampling length and measured from the graphical center line. It is the mean value of the surface relative to the center plane and is calculated in the following manner:
where (f(x, y) is the surface relative to the center plane, and L~ and Ly are the dimensions of the surface. An approximation of the average roughness, R~, may be obtained by adding the y increments, without regard to sign and dividing the sum by the number of increments: where A B is the bearing area and A T is the total specified area. The bearing ratio indicates the degree of packing, that is, the packing of the atoms or molecules above the reference plane. Fractals--Fractals are disordered systems whose disorder can be described in terms of a nonintegral dimension. The fractal dimension, D, reflects the extent of the disordered system. There are different ways to determine D values. Here are 2 examples. The fractal dimensions of islands and lake outlines and other 2-dimensional fractal shapes can be obtained by estimating the area/perimeter ratio for a given interval. According to Mandelbrot (1977 Mandelbrot ( , 1982 , the estimated area, A, is given:
where P is the estimated perimeter, and k is a constant. A plot of log A against log P results in a slope of 2/D. Hence, the fractal dimension, D, can be obtained. Another method, which is employed by the manufacturer of the AFM, is called "functional box-counting analysis" (Lovejoy et al. 1987) . It is applied for 2 or 3 dimensions. In this method, the volume or area can be estimated by the number N(1) of disjoint cubes (or squares of appropriate dimension) of size l needed to cover completely the set of points contained in the volume or area. The number of cubes or squares can be estimated by:
where N(1) is the number of disjoint cubes (or squares) of side I needed to cover the set, and k is a constant. In a plot log N(l) against log /, the slope is -D, the fractal dimension.
A complete discussion on determining the fractal dimension for a different case can be found in Burrough (1989) . Fractal dimension, D, reflects the disorder within the system. In order to accommodate structure with structure, the fractal dimension must occupy intrinsically more space than [12] a linear chain or planar surface. Fractals reveal what happens when translation symmetry is lost, but dilation (scale transformation) symmetry is preserved. Every kind of disorder corresponds to a particular way of breaking translational symmetry. This suggests that a system with classical dimension 1, 2 or 3 is degenerate and that this degeneracy is removed [13] in nonintegral dimensions. As a result, fractals have properties that are much more informative than what might be expected from the classical cases, D = 1, 2 or 3. Fractals require new parameters in addition to D. An important example is spectral or fraction dimension, /), which coincides with D whenever the system is translation-invariant. D measures dis- [14] order as the system's space filling ability, and /9 measures disorder in terms of the branching/connectivity properties of the system. A different source of structural parameters of fractal systems comes from considering certain subsets of the system or other system-related sets. In the case of a solid, such a set may be the surface or the pore space. In the case of a surface, it may be the set of all edges and corners. In the case of percolation clusters, it may be the backbone of the [15] cluster. In each case, the fractal dimension of the set provides a refined characteristic of the system. The significance of the characteristic depends, of course, on the nature of the physical problem under study. A different problem may motivate a different choice. Avnir (1989) provided useful discussion on the subject. To study the surface morphological characteristics of minerals, we will analyze the fractal dimensions and use this information to interpret their physical and chemical significance, and understand their general morphological character. also can be seen from the fractal dimension of Pb minerals, which increases from 2.00 for pH 3.8 to 2.1 for pH 12.4. Recall that the fractal dimensions are logarithmic in nature, so small changes in the value of the fractal dimension reflect larger changes in morphology. For Cr minerals, the fractal dimension did not change with pH. This m a y be due to the formation of the layered morphological form (Figures 4 a -4 f ) . In this case, even though a great a m o u n t of reaction products accumulated, they did not contribute to the fractal dimension calculation because the products were presented as a layered form.
Atomic Level Images Figure 5 shows an n m scale image of c h r o m i u m reaction products on a mica surface at pH 10.7. Notice the x,y range and vertical scale. The measured unit cell dimension is about 5.44 by 5.44 .A. This dimension is very close to the unit cell dimension of eskolaite, which is 4.96 by 4.96 .A (Tennyson 1961; Burns and Figure 6 . AFM images of ferruginous smectite (SWa-1) after: a) oxidation (scan size 0-10 I~m, z-dimension 0-1.0 p,m); b) reduction (scan size 0-10 txm, z-dimension 0-1.0 ~m); and c) reduction and reaction with Cr(VI) solution (scan size 0-1.2 p~m, z-dimension 0-250 nm). Burns 1975) . Our hypothesis is that, given 2 or more possible structures, the mineral that will form is the one whose space symmetry group is similar or identical to that of the space symmetry group of the template. Therefore, it is reasonable to form eskolaite because its hexagonal (R3C) space symmetry group is compatible with the mica surface symmetry group (hexagonal) (Radoslovich 1959 (Radoslovich , 1960 (Radoslovich , 1961 Radoslovich and Norrish 1962) . Identification of this mineral on a mica template needs to be verified by XRD, infrared spectroscopy or other techniques.
Reaction Products on Smectite
Figures 6a-c reveal the AFM images of ferruginous smectite (SWa-1) in its original unreduced (6a), reduced (6b), and reduced and reacted with Cr(VI) solution (6c) forms. Figures 6a and 6b clearly show that the morphology of the original (unreduced) form (6a) is porous, disordered and expandable, and that the reduced (6b) form is collapsed, more ordered and lightly packed. This observation agrees well with previous resuits using other techniques in studying oxidation and reduction of ferruginous smectite (Chen et al. 1987; Stucki and Tessier 1991; Lear and Stucki 1985 Stucki, Low et al. 1984; Stucki 1988; Wu et al. 1989 ). The reduced smectite forms firmly compacted structures, as can be observed by comparing Figure 6a with Figure 6c . Notice that, in Figure 6c , there are newly formed materials both on the surface of clay particles and between the particles. This confirms that the Pb and Cr reaction products formed on the mica surface are real and reproducible. The newly formed Cr mineral is most likely eskolaite (based on the MINTEQA2 simulation and unit cell structure shown in Figure 5 ). This demonstrates that AFM could be used in studying small particles as well as well-defined surfaces (mica).
CONCLUSIONS
This paper demonstrates the feasibility of using AFM in conjunction with the geochemical equilibrium model MINTEQA2 to simulate and evaluate possible experimental conditions, metal speciation and possible precipitation products and to characterize the morphological properties of Pb and Cr reaction products formed on mineral surfaces. Four additional conclusions are apparent: 1) AFM may be used to study the surface reactions on mineral surfaces under varying pH conditions; 2) morphological characteristics of minerals are influenced by environmental pH and redox conditions; 3) the unit cell structure of the reaction products may be determined and compared with other spectroscopic techniques, thereby aiding in identification of the reaction products: and 4) AFM can produce images of clay-sized particles and the metal reaction products formed on their surfaces.
